Objectives: Ischemic mitral regurgitation (IMR) results from ischemic left ventricular (LV) distortion and remodeling, which displaces the papillary muscles and tethers the mitral valve leaflets apically. The aim of this experimental study was to examine efficacy of an adjustable novel polymer filled mesh (poly-mesh) device to reverse LV remodeling and reduce IMR.
Central Message
This study examines the efficacy of a novel therapy for ischemic mitral regurgitation that directly relieves leaflet tethering while also preventing the progression of both LV and LA adverse remodeling.
Perspective
This study demonstrates the chronic efficacy of a novel therapy for IMR that both reduces MR but also results in stabilization and repositioning of the infarcted myocardial wall. This approach offers a potential alternative for relieving tethering and IMR and prevention of progression of both LV and LA adverse remodeling, and furthermore it has potential minimally invasive applications in the beating heart. See Editorial Commentary page 1494.
Ischemic mitral regurgitation (IMR) is an important consequence of myocardial infarction (MI) and associated with increased mortality and morbidity. IMR results from ischemic left ventricular (LV) distortion, which displaces the papillary muscles (PMs) and tethers the mitral valve (MV) leaflets apically, restricting leaflets closure and dilating the mitral annulus. 1 Therapy for IMR remains controversial and challenging. 2, 3 Mitral ring annuloplasty, a popular surgical therapy for IMR, is associated with a significant recurrence rate of IMR and has not been effective at reducing LV adverse remodeling. [4] [5] [6] Mitral ring annuloplasty also does not directly address the fundamental mechanistic cause of IMR, which is LV distortion resulting in mitral leaflet tethering.
To directly address ischemic LV morphology and to prevent further LV adverse remodeling, we developed and examined the efficacy of a biocompatible polymerfilled mesh (poly-mesh) device for treatment of IMR. Our group has previously described 2 strategies to alleviate IMR: direct polymer injection into the infarcted ventricular territory to reposition the PM and a patch balloon device to externally remodel the infarcted ventricular segment. 7, 8 The poly-mesh device combines these 2 latter therapies by using biocompatible polymers that can be adjusted to optimize displacement and position while being contained within mesh for constraint of LV adverse remodeling. 7, 8 This results in a device that can be tailored to patient-specific LV and MV remodeling changes, as it can be adjusted, resized, and controlled to achieve the desired levels of reverse remodeling in an infarcted and distorted LV myocardium. We assessed this poly-mesh device initially in an acute IMR model to test proof of concept and subsequently in a chronic IMR model, as the latter is the more commonly encountered clinical situation.
METHODS

Operation and Study Design
Acute and chronic IMR models were produced via an established ovine model. [7] [8] [9] This study was reviewed and approved by the institutional Animal Care Committee (institutional review board information: institutional protocol number; 2012N000160/2, approval date; March 14, 2013). The heart was exposed through a left thoracotomy and animals monitored with blood pressure, electrocardiogram, and oxygen saturation throughout the procedures. For acute IMR, the inferoposterior wall of the LV was infarcted by ligating the second, third left circumflex obtuse marginal branches, and posterior descending artery. Echocardiographic imaging confirmed the development of at least moderate IMR. The poly-mesh device was then attached to the surface of the infarcted LV epicardium with sutures followed by staples via a SECURESTRAP staple-gun (ETHICON LLC, Guaynabo, Puerto Rico) under echocardiographic guidance (Figure 1 , left) and saline was applied directly to the surface of the device to hydrate the hydrogel, which was allowed to swell for approximately 10 minutes (Figure 1 , right, and Video 1). The poly-mesh device can be adjusted intraoperatively to optimize IMR reduction by adding extra polymer granules through a 25-gauge needle. Hemodynamic measurements were acquired with a microcatheter placed in the LV, and LV pressure was recorded along with an electrocardiogram lead on a physiological recorder (iWorx Systems Inc, Dover, NH). Two-dimensional (2D) and 3-dimensional (3D) epicardial echocardiographic images were obtained (iE33, X3 matrix; Philips Medical Systems, Andover, Mass). Echo data acquisition was performed as described previously. 7, 8 Eight sheep (mean 6.9 AE 1.0 months, 4 males, 40.6 AE 1.9 kg) were in the acute experiments. Data were collected in 3 stages as follows: baseline, acute IMR (within 1 hour after the IMR creation), and acute polymesh (within 1 hour of attachment) ( Figure 2 , upper panel). For chronic IMR, after MI creation, the chest was closed, and the 10 sheep were allowed to recover. Following 8 weeks of LV remodeling, 5 sheep (mean 7.8 AE 2.4 month at baseline, 2 males, mean 42.0 AE 3.3 kg at baseline) underwent a second thoracotomy, and poly-mesh was applied chronically for an additional 8 weeks before they were euthanized. In addition, 5 sham sheep (mean 5.4 AE 1.3 month at baseline, 3 males, mean 43.4 AE 3.0 kg at baseline) underwent the same surgeries but did not have a poly-mesh device placed. There were no significant differences in the characteristics between the poly-mesh and sham sheep. In the chronic experiments, data were collected at baseline, chronic IMR stage (before attachment), and euthanasia stage (chronic poly-mesh) stages; (Figure 2 , lower panel).
Poly-Mesh Device
The device used to create postinfarction LV myocardial displacement was a hybrid construct composed of an expandable hydrogel confined within a porous mesh (Cambridge Polymer Group, Inc, Boston, Mass). Each device was composed of either highly absorbent dehydrated polyacrylate (acute IMR models) or polyacrylamide granules (chronic IMR models) contained within 2 confining layers of a porous polyester mesh and surrounded by a thinner outer border of reinforcing polyester fabric ( Figure 1 ). The device was intended to be delivered in a compact form (less than 1 cm maximum diameter) and then rapidly expand once anchored to the heart wall and hydrated with saline.
Polyacrylamide has been used successfully in tissue bulking, reconstructive applications, urinary incontinence, and soft contact lenses. [10] [11] [12] Polyester such as polyethylene terephthalate, or PET, are used frequently in biomedical materials. 13 Of note, the exact polymer material chosen for the mesh is not critical for this device, and other chemistries may be suitable. The hydrogel patch devices were sterilized by electron beam radiation at a dose of 32.5 kGy AE 2.5 kGy before use in chronic IMR models. Cytotoxicity testing (per ISO 10993-5 MEM Elution Method) found a Grade 0 reactivity level for both the dehydrated polyacrylamide granules and the polyester mesh. Endotoxicity testing (per USP <85> LAL kinetic-chromogenic method) found a reactivity of less than 0.975 EU/g for the polyacrylamide granules and less than 0.004 EU/cm 2 for the polyester mesh.
Abbreviations and Acronyms
2D ¼ 2-dimensional 3D ¼ 3-dimensional dP/dt ¼ rate of rise of left ventricular pressure EDV ¼ end-diastolic volume Emax ¼ slope of end-systolic pressure-volume relationship ESV ¼ end-systolic volume GLS ¼ global longitudinal strain IMR ¼ ischemic mitral regurgitation LA ¼ left atrium LV ¼ left ventricular LVEF ¼ left ventricular ejection fraction MI ¼ myocardial infarction MR ¼ mitral regurgitation MV ¼ mitral valve PISA ¼ proximal isovelocity surface area PM ¼ papillary muscle poly-mesh ¼ polymer-filled mesh WMSI ¼ wall motion score index
IMR Assessment and MV Geometric Measures
IMR was quantified by measuring the vena contracta width, 3D vena contracta area, and mitral regurgitation (MR) volume.
14-16 MR volume was calculated using the proximal isovelocity surface area (PISA) method as 2p 3 R PISA 2 3 V aliasing /V max 3 MR regurgitant time-velocity integral, where R PISA was the maximal PISA radius (cm), V aliasing was the aliasing velocity of the proximal flow convergence (cm/s), and V max was the maximal velocity. A vena contracta width of !0.5 cm was considered moderate or greater. Mitral geometry was reconstructed from rotated images at mid-systole, when the leaflets most closely approach the annulus. Mitral annular area was measured by tracing the annular points. The PMs were traced to identify their tips by reviewing several adjacent images. Both medial and lateral tethering lengths over which the mitral leaflets and chordae are stretched between both PMs and the relatively fixed fibrous portion of the annulus were measured from posteromedial and anterolateral PM tips to the medial trigone of the aortic valve (medial junction of aortic and mitral annuli), then total length was calculated. 1, 17 The tenting volume of the leaflets is the volume between the leaflets and the least squares plane of the mitral annulus at mid-systole. 18 
LV and LA Measures
LV end-diastolic volume (EDV) and end-systolic volume (ESV) were obtained by 2D echo, via the modified Simpson method. 19 Peak systolic global longitudinal strain (GLS) in all segments was measured by the 2D speckle tracking technique (Philips QLAB, version 9.0; Philips, Andover, Mass). Pressure-volume loops were constructed from continuous tracings of LV volume, calculated with a standard algorithm, and conductance catheter (LabScribe2 version 2.382; iWorx Systems Inc). The slope of the endsystolic pressure-volume relationship (Emax) was obtained by transiently occluding the inferior vena cava with umbilical tape, thereby rapidly producing beats with varying systolic pressures and LV volumes. The endsystolic points were fitted to a linear equation; its slope (Emax) was taken as a measure of contractile state. 20 The relaxation time constant (Tau) was calculated as the time for LV pressure to fall from peak negative rate of rise of left ventricular pressure (dP/dt) to half its value. LV systolic meridional wall stress was calculated by the use of the Grossman formula. 21 Left atrium (LA) maximum volume at LV end-systolic phase was obtained by 2D echocardiography, via the biplane area-length method. 22 
Statistical Analysis
Based on previous data with same chronic ischemia mitral regurgitation sheep model, 8 we hypothesized chronic application of poly-mesh device would result in a decrease in vena contracta width of 80%, assuming a standard deviation of 0.1 mm and 25% decrease in LV ESV, assuming a standard deviation 10 mL, consistent with clinical data in LV reversal remodeling. To demonstrate such changes, a sample size of 5 per group would provide !80% power with 5% a error. The efficacy of polymer mesh device was tested by nonparametric repeated-measures analysis of variance (baseline, acute IMR, and acute poly-mesh in acute IMR model and baseline, chronic IMR, and euthanasia in chronic IMR model) via the Friedman test with multiple comparisons. The Mann-Whitney U test was used to test for independent samples (poly-mesh group vs sham) instead of the Student t test. A 2-tailed probability value of .05 was considered significant. Statistical FIGURE 2. Experimental protocol using sheep models of acute (upper) and chronic IMR model (lower). IMR was produced by ligation of circumflex branches to create MI. The poly-mesh device was attached to infarcted myocardium in acute (upper) and chronic (8 weeks after MI) (lower) IMR models and compared with untreated sham sheep. All sheep were reassessed and euthanized. 2D and 3D echocardiography and hemodynamic measurements were performed at baseline, acute/chronic IMR, and acute poly-mesh/euthanasia stage. IMR, Ischemic mitral regurgitation; polymesh, polymer-filled mesh; MI, myocardial infarction; 2D, 2-dimensional; 3D, 3-dimensional; echo, echocardiography. FIGURE 1. Poly-mesh device attachment during operation in acute ischemic mitral regurgitation model. Polymer granules are within mesh before hydration (left, yellow arrows). After the device attachment, the pericardial space was filled with saline, allowing the poly-mesh to swell after about 10 minutes (right, yellow arrows). After the poly-mesh swells, it is possible for extra polymer to be added through injection to adjust the left ventricular and mitral valve apparatus. 
RESULTS
Acute IMR Model IMR reduction. In the acute IMR model, all sheep developed mild-to-moderate or moderate IMR after MI (n ¼ 8) and underwent poly-mesh attachment onto the epicardial surface of the infarcted myocardium under echocardiographic guidance. IMR decreased to trace or mild degree in all animals after poly-mesh attachment with significantly decreased IMR parameters (Figure 3) . The poly-mesh constructs were 4 3 6 cm sized, and 2 of 8 required additional sodium polyacrylate injections for final alignment of PM location. Average mass of sodium polyacrylate in polymesh was 449.8 AE 42.4 mg. Change of MV geometry and LV parameters. The 3D echocardiography examination of MV geometry showed that there were decreases in mitral annular area, total tethering length, and tethering volume after poly-mesh attachment, consistent with favorable changes in MV geometries by poly-mesh attachment (Table 1) . Left ventricular ejection fraction (LVEF) significantly increased after poly-mesh attachment. However, there were no significant changes in wall motion score index (WMSI) and GLS, which were considered LV wall functional markers. Mean LV volumes in both EDV and ESV also decreased acutely and significantly after poly-mesh attachment (EDV: 66.8 AE 14.3 mL to 53.7 AE 14.4 mL, P < .01; ESV: 34.5 AE 9.9 to 24.7 AE 8.5 mL, P < .05) ( Table 1) . Hemodynamic tests could be performed on 7 of the 8 sheep. Heart rate and systolic and diastolic blood pressures were unchanged at all stages. There were also no significant changes in Tau and stiffness coefficient before and after poly-mesh attachment. However, the Emax significantly decreased after MI and increased slightly but not significantly after mesh attachment. Maximal dP/dt increased significantly after poly-mesh attachment (683.9 AE 105.9 mm Hg/s to 968.6 AE 140.8 mm Hg/s, P <.01). Changes were shown in LV systolic meridional wall stress, with a significant increase after MI (37.6 AE 16.1 dyne/cm 2 to 67.6 AE 26.9 dyne/cm 2 ; P <.01) and significant decrease after poly-mesh attachment (67.6 AE 26.9 dyne/cm 2 to 41.0 AE 19.5 dyne/cm 2 ; P <.01) ( Table 1) .
Chronic IMR Model IMR reduction. The poly-mesh had a final 4 3 6 cm size with 1284.3 AE 137.5 mg mass of polyacrylamide in the mesh. This increase in starting mass (compared with the acute IMR models), was necessitated by the slightly lower final swell ratio available in the polyacrylamide relative to the polyacrylate components. In all sheep, after polymesh attachment, there was reduction in IMR which persisted over 8 weeks, and none of the sheep had recurrent important IMR (Figure 4 and Videos 2 and 3). There was no significant difference in degree of IMR at the chronic IMR stages for both poly-mesh and untreated sham sheep. However, poly-mesh sheep had less IMR than untreated sham sheep at the time they were killed (8 weeks after poly-mesh attachment; vena contracta width 0.08 AE 0.12 cm vs 0.52 AE 0.23 cm, P <.05; 3D vena contracta area 0.05 AE 0.08 cm 2 vs 0.31 AE 0.24 cm 2 , P ¼ .057) (Figure 4 ). The decrease in IMR was associated with a decrease in MV tethering length and tenting volume consistent with reduced tethering (Table 2) . Remodeling and change of LV and LA. Both LV EDV and ESV at the stage were reduced compared with the chronic IMR stage (EDV: 109.9 AE 15.0 mL to 88.1 AE 17.8 mL, P < .007; ESV: 60.5 AE 13.8 mL to 50.8 AE 11.9 mL, P <.001) ( Figure 5 , A and B, and Table  2 ). EDV in all 5 sheep and ESV in 4 of the 5 sheep decreased or remained unchanged after chronic poly-mesh attachment. One sheep had a 16.6% increase in ESV. The percent increases of both EDVand ESV from chronic IMR to euthanasia stages were significantly lower than those of untreated sham sheep (%EDV change À20.2 AE 10.6 vs 14.8% AE 15.9%, P <.01; %ESV change À14.4 AE 19.2 vs 21.7% AE 21.8%, P <.05) ( Figure 5, A and B) . Mean LA volume also significantly decreased from the chronic IMR to the euthanasia stage in poly-mesh sheep, and there was a significant difference of LA volumes between poly- Values are mean AE standard deviation. IMR, Ischemic mitral regurgitation; LVEF, left ventricular ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume; WMSI, wall motion score index; GLS, global longitudinal strain; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; Emax, slope of end-systolic pressure volume relationship; dP/dt, rate of rise of left ventricular pressure. *P ¼ Friedman test analysis of variance across 3 stages. yP <.01 for difference from baseline. zP <.01 for difference from chronic IMR. xP <.05 for difference from baseline. mesh and sham sheep (41.9 AE 9.5 mL vs 61.5 AE 12.5 mL, P <.05) (Figure 5, C) . LV functional change. Emax significantly increased at euthanasia stage compared with chronic IMR stage (Emax: 1.1 AE 0.5 mm Hg/mL to 2.9 AE 0.7 mm Hg/mL, P < .01) although GLS decreased slightly (À12.8% AE 1.1% to À9.4% AE 1.1%, P <.01) and WMSI increased (1.45 AE 0.17 vs 1.54 AE 0.11, P < .01). No significant changes were detected in LVEF, dP/dT, Tau, or stiffness coefficient between chronic IMR and euthanasia stages ( Table  2 ). There was no occurrence of device-related infections, device dehiscence, or operation-related deaths during chronic IMR follow-up.
DISCUSSION
The results of this study show that an external poly-mesh device results in persistent reduction of IMR and attenuates further LV remodeling both acutely and chronically over 8 weeks of follow-up without detrimental effects on LV function.
Mechanistic Implications
These findings confirm the importance of LV adverse remodeling and distortion of the mitral apparatus in the pathogenesis of IMR. Results demonstrating efficacy in reducing IMR in an acute model highlight the importance of structural stabilization of the infarcted wall, preventing bulging and acute ischemic distortion. Structural stabilization of the infarcted wall from the poly-mesh device rather than from significant reverse remodeling of the LV is most likely the mechanism of IMR reduction in acute models, as there has been no time for the development of significant LV dilation or aneurysm. This occurred without a decrease in LV contractile function, as LVEF, WMSI, and maximal dP/dt, were either unchanged or improved after poly-mesh device attachment. There was no deterioration of indices of LV compliance with the poly-mesh device, as the device was focally applied to the abnormal, infarcted portion of the ventricle. In addition, the LV was shifted to a lower volume operating point, decreasing the compliance range at which the myocardium was working.
Effects of Chronic Poly-Mesh
Chronic poly-mesh placement was effective at reducing IMR in a chronic model. Examining a chronic IMR model was important, as this better represents the IMR seen in clinical practice, where IMR develops over weeks to months (rather than acutely during infarction) through LV adverse remodeling, resulting from LV dilation, scar, and even aneurysm formation. As in acute IMR, the chronic poly-mesh device reduced IMR, and this reduction persisted over an 8-week period. There was no decrease in LV systolic function or worsening of LV diastolic function.
Compared with untreated sham sheep, LV volumes did not increase after chronic poly-mesh attachment. The poly-mesh device resulted in reverse remodeling of the LV, leading to decreased MV tethering. Importantly, the device showed sustained efficacy in stabilizing the LV-MV complex by attenuating further LV adverse remodeling, as compared with untreated sham sheep. This provides a key advantage over mitral ring annuloplasty, which reduces IMR by decreasing the annular area but does not stabilize the LV-MV complex nor directly reverse remodels the LV. 3, 4, 23 Infarction weakens myocardial mechanics with stretching of the myocardium resulting in dilation and aneurysm formation. 24 The application of a poly-mesh device serves to provide mechanical support, thereby limiting stretching and expansion of infarcted myocardial walls. 9, 25 This results in stabilization of the LV-MV complex and decrease in MR. Potential advantages of a poly-mesh device rather than a simple mesh device is that the poly-mesh device permits adjustment and titration of PM position to tailor for individual variations in abnormal anatomy. In addition, poly-mesh properties can be modified to mimic the physical properties of the myocardium, such as similar compressibility and tensile strength. This combination allows for mechanical support of the weakened myocardium wall while maintaining compressibility and conformational aspects. The poly-mesh device prevented progression of LA remodeling, providing an additional benefit as LA size is associated independently with increased cardiovascular risk. 26 
Comparison With Other Techniques
Despite the clinical importance of IMR, its therapy remains problematic.
2,3 A number of techniques have been the proposed that involve direct repositioning of the PMs or MV tethering including PM imbrication, relocation, sling placement, and chordal cutting to treat IMR. [27] [28] [29] [30] [31] [32] [33] A large study examined the implantation of the Coapsys device, which decreases the internal diameter of the LV using epicardial pads connected by internal cords, for treating functional MR. 34 The poly-mesh device can be applied with less-invasive procedures, as it is applied to the epicardial surface of the heart without the need for cardiopulmonary bypass and an open heart. Our group has previously described direct polymer injection into infarcted PM and patch balloon device as therapies to treat IMR. 8 The poly-mesh device combines the advantages of these 2 latter therapies. The poly-mesh device not only reduces IMR but also limits LV remodeling. In addition, the degree of reverse remodeling or PM displacement can be adjusted by titrating the amount of polymer in the mesh device.
Clinical Implications
Current therapy with MV ring annuloplasty has not been demonstrated to have sustained beneficial effects in survival
The Journal of Thoracic and Cardiovascular Surgery c Volume 155, Number 4or other clinical endpoints. 35 There are important limitations to ring annuloplasty, including significant recurrence rate of IMR which limits its efficacy. 5, 35 Therapies that directly address tethering and limit LV remodeling have advantages in that they may provide a more durable repair for IMR. Our experimental studies suggest a novel approach to treating IMR in both acute and chronic models that results in stabilization and repositioning of the infarcted myocardial wall and PM with relief of LV distortion and deformation, thereby restoring normal mitral leaflet closure with reduced LV wall stress. This new approach offers a potential alternative for relieving tethering and IMR and prevention of progression of both LV and LA remodeling and furthermore has potential minimally invasive applications in the beating heart, thus minimizing surgical risks factors. The device would prevent bypass grafting. Thus, it may be an option for patients without good regional revascularization option in affected grafting territories.
Study Limitations
There are important limitations to this study. Although our study achieved success of IMR treatment in both acute and chronic models of IMR, the efficacy of the poly-mesh device may be limited in globally dilated and severely dysfunctional LV. That setting may require more extensive reverse remodeling than this localized mesh therapy provides. To select the best size of poly-mesh to individual human patients, we must carefully evaluate the infarcted LV size using imaging modalities such as cardiac magnetic resonance imaging or 3D echocardiography to determine the poly-mesh design. We analyzed the echo data blinded to stage of studies including sham animals. However, there was possibility the echo reviewer might have interpreted existence of the mesh device during analyses. Finally, we only assessed chronic efficacy for 8 weeks after device placement, and more long-term follow-up is needed to assess durability of device. In this study, we did not examine histopathologic or cardiac magnetic resonance imaging data after the poly-mesh implant and hence cannot comment on LV fibrosis and scarring in this model.
CONCLUSIONS
The polymer-filled mesh device provides a novel approach to IMR, stabilizing ischemic LV remodeling and reducing mitral leaflet tethering. It is an adjustable approach to reduce IMR, resulting in persistent reduction of IMR and preventing continued LV remodeling.
